Background: Spinal muscular atrophy (SMA) is the most common autosomal recessive disorder in humans after cystic fibrosis. It is classified into five clinical grades based on age of onset and severity of the disease. Although SMN1 was identified as the SMA disease-determining gene, modifier genes mapped to 5q13 were affirmed to play a crucial role in determination of disease severity and used as a target for SMA therapy. In this study, we determined SMN2 copy number and NAIP deletion status in SMA Egyptian patients with different clinical phenotypes and had homozygous deletion of SMN1. We aimed at finding a prognostic genetic pattern including SMN1, SMN2, and NAIP gene genotypes to determine the clinical SMA type of the patient to help in genetic counseling and prenatal diagnosis. Results: Copy number variations (CNVs) of exon 7 of SMN2 gene were significantly decreased with the increase in disease severity. Homozygous deletion of exon 5 of NAIP was detected in 60% (12/20) of type I SMA and in 73% (8/ 11) of type III SMA cases. Combining the data of the SMN2 and NAIP genes showed 8 genotypes. Patients with D2 genotype (0 copies of NAIP and 2 copies of SMN2) were likely to have type I SMA. Type II SMA patients mostly had no homozygous deletion of NAIP and 2 copies of SMN2. However, patients with N3 genotype (> 1 copy of NAIP and 3 copies of SMN2) and patients with D3 genotype (0 copies of NAIP and > 3 copies of SMN2) had type III SMA. Conclusion: SMN2 and NAIP are the most important modifier genes whose copy numbers can affect the severity of SMA. We concluded that the combination of modifier genes to provide prognostic genetic pattern for phenotype determination is preferable than using CNVs of exon 7 of SMN2 gene only. CNVs of exon 7 of SMN2 are of high importance to predict patients' response to genetic therapy. On the other hand, deletion of exon5 of NAIP gene alone is not a sufficient predictor of SMA severity.
Background
Spinal muscular atrophy (SMA) is one of the most common autosomal recessive diseases. SMA is characterized by degeneration of alpha motor neurons in the spinal cord and the medulla oblongata, causing symmetrical proximal muscular atrophy. The incidence of SMA is approximately 1/6000 to 1/10,000 live births, and heterozygous healthy carriers show a very high frequency in general population (1 in 35) [1] . In the Middle East countries, the carrier frequencies are higher. In Morocco, it is 1/25 individuals, as well as in Iran, and Saudi Arabia, the carrier frequency is 1 in 20 [2] [3] [4] .
SMA can be classified into five clinical grades based on age of onset and severity of the disease [5, 6] . Type 0 SMA patients present with very severe hypotonia and respiratory distress at birth. These SMA infants do not survive beyond 6 months. Type I SMA patients (Werdnig-Hoffmann disease) have an age of onset before 6 months at which hypotonia can be observed followed by progressive weakness which is worse proximally than distally and is initially more obvious in the legs making it difficult for them to sit up. They do not have the ability to sit without support and their life expectancy is less than 2 years; because muscle weakness affects the chest wall and diaphragm causing breathing difficulty and respiratory failure. Type II SMA patients (chronic spinal muscular atrophy) have an age of onset before 18 months. These patients ultimately attain the ability to sit independently when placed. However, most of these patients can hardly stand without support. Their life expectancy is until early adulthood. Type III SMA patients (juvenile spinal muscular atrophy or Kugelberg-Welander disease) have an age of onset > 18 months. These patients are able to walk independently and their legs are weaker than their arms. Type III patients usually have a normal lifespan. Type IV SMA patients (adult onset) have an age of onset after the age of 10 years. They exhibit slowly progressive limb weakness and associated with a normal life expectancy.
All five clinical subtypes were mapped to chromosome 5q13.2 region with a large inverted duplication with several repeated genes. In 1995, the survival motor neuron 1 (SMN1) was identified as the SMA diseasedetermining gene [7] . The SMN gene exists in 2 highly homologous copies (SMN1 and SMN2) that have been mapped to chromosome region 5q13 [8] . Approximately 94% of clinically typical SMA patients have a homozygous deletion of exon 7 of the telemetric copy of the gene (SMN1) [9] , and most carriers have only one copy of SMN1 exon 7, as determined by SMN gene dosage analysis [1] . The centeromeric copy of SMN gene (SMN2) is almost identical to SMN1. The only critical difference is (840C > T) transition in exon 7 which is translationally silent; however, it affects the splicing pattern [8] . Both SMN genes code for full-length RNA with nine exons, but SMN2 mainly produces a transcript without exon 7 that encodes a truncated, nonfunctioning SMN protein (SMNΔ7). As a result, SMNΔ7 is the major product of SMN2 and the number of copies of SMN2 is linked to the severity of the disease. Approximately 20% of mRNA generated from SMN2 locus encodes SMN by virtue of alternative splicing; thus, a larger number of SMN2 copies correlate with a milder form of the disease [10] . Another gene in the region (5q13) is neuronal apoptosis inhibitory protein (NAIP). The functional role of NAIP in the pathogenesis of SMA has not been fully elucidated. However, some reports have demonstrated a correlation between deletion of the NAIP gene and severity of SMA [11] . This gene was also found to be frequently deleted in 45% of the Egyptian patients [12] . Each patient affected with SMA retains at least one SMN2 copy. An inverse correlation between SMN2 protein level and SMA severity has been reported in humans and transgenic SMA mice [13, 14] . The quantitative analysis of SMN2 copies in patients with type I, type II, or type III SMA showed a significant correlation between SMN2 copy number and type of SMA as well as duration of survival [15, 16] . Combined SMN1-SMN2-NAIP genotypes with fewer copies were associated with earlier onset age and poorer survival probability [17] . So, a child with homozygous absence of SMN1 to develop type I, type II, or type III SMA can be calculated on basis of SMN2 copy number. Moreover, it was found that better survival for type I SMA might due to higher SMN2 copies and homozygous deletion of NAIP [17] .
Management of SMA is multidisciplinary supporting respiratory, gastrointestinal systems, nutritional, orthopedic care, and rehabilitation [18] . Advancement in gene therapy allows introduction of the first tailored molecular therapy for SMA. After FDA (U.S. Food and Drug Administration) and EMA (European Medicines Agency) approvals, nusinersen (Spinraza®) is currently the genuine SMA treatment. It is an antisense oligonucleotide that binds to SMN2 pre-mRNA and prevents exon 7 from being removed by alternative splicing. This mechanism increases the expressed full length SMN2 gene resulting into larger amount of functional SMN protein [19] .
In the current study, we determined copy number variations (CNVs) of exon7 of SMN2 gene and the homozygous deletion of exon 5 of NAIP gene in Egyptian SMA patients with homozygous deletion of exon 7 of SMN1 gene in spite of having different clinical phenotypes. We aimed at reaching a correlation between CNVs of SMN1, SMN2, and NAIP genes to determine the clinical SMA type of each patient in an attempt to allow better disease prognosis, which would help in genetic counseling and prenatal diagnosis.
Methods
Forty-four patients were referred from Clinical Genetics out-patient clinics. SMA diagnosis was according to the criteria defined by the International SMA Consortium. Ten healthy individuals were used as a control group, for normalization of the real-time quantification data results within each run. Written informed consents were taken from all subjects or from their guardians.
Genomic DNA was extracted from the peripheral blood of SMA patients and controls according to standard methods. All patients had homozygous deletion of exon 7 of SMN1 gene, which was determined by PCR-RFLP. Both exon 5 deletion of NAIP gene and copy number variations of exon 7 of SMN2 gene were also estimated.
Deletions within SMN1 and NAIP genes
Homozygous absence of exon 7 of SMN1 gene was detected using restriction fragment length polymorphism (PCR-RFLP) using DraI restriction enzyme [18] . Deletion of the Neuronal Apoptosis Inhibitory Protein (NAIP) gene was analyzed using multiplex PCR amplification of exon 5 and 13 of the gene [12] .
SMN2 genes dosage analysis
Copy number variations (CNVs) of exon 7 of SMN2 gene were determined by quantitative real-time PCR on StepOne Real-Time PCR System (Applied Biosystems, USA) using primers designed to distinguish between SMN1 and SMN2 according to Feldkötter and Schwarzer [15] . The PCR reaction was carried out in a final volume of 15 ul in duplicates containing 7 ul SYBR Green I master mix (Qiagen, Germany), 1 pmol of each primer, and 10 ng of DNA. Melting curve was performed after each reaction to confirm appropriate amplification. Calibration curve was constructed using Human Genomic DNA (Promega, Germany) by 2 fold dilutions (1.25, 2.5, 5, and 10 ng) representing 1, 2, 4, and 8 copies of SMN2 gene, respectively.
Determination of CNVs of exon 7 of SMN2 gene was performed through plotting the Ct (cycle threshold) value of each sample on the calibration curve to calculate CNVs of exon 7 of SMN2 gene.
Statistical analysis
Kruskal-Wallis test was performed to detect the relationship between CNV of exon 7 of SMN2, the deletion in exon 5 of NAIP gene, and patients' phenotype. Statistical analysis was performed using SPSS software.
Results
The 44 patients were classified according to the age of onset and the severity of the disease into three types: SMA type I, 20 patients (45%); SMA type II, 13 patients (30%); and SMA type III, 11 patients (25%). PCR-RFLP analysis showed homozygous deletion of exon 7 of SMN1 gene in all the 44 patients.
Detection of homozygous deletion of exon 5 of NAIP gene: multiplex PCR analysis of exons 5 and 13 of NAIP gene revealed homozygous deletion of exon 5 in 26 patients (45%, 26/44), 12 patients with SMA type I (60%, 12/20), 6 patients with SMA type II (46%, 6/13), and 11 patients with SMA type III (73%, 8/11) ( Fig. 1 ).
SMN2 gene copy number analysis
Real-time PCR was performed to determine the SMN2 gene dosage, through detection of CNVs of exon 7 of SMN2 gene using specific primers and SYBR Green master mix (Qiagen) (Fig. 2) . Cycle threshold (Ct) values of all patients with the 3 clinical SMA types were normalized according to the constructed standard curve. The copy number variations estimated were 1 copy, 2 copies, 3 copies, or more than 3 copies. Figure 3 shows the number of patients with different SMA types and the corresponding CNVs of exon 7 of SMN2 gene. It was found that there were significant difference between the three clinical groups (SMA type I, II, and III); p value < 0.00001. In addition, 70% of type I-SMA patients had 1 copy of exon 7 of SMN2 gene. In type III-SMA patients, 82% of patients had more than 3 copies of exon 7 of SMN2 gene. In type I SMA, no patient had more than 2 copies of exon 7 of SMN2 gene. Patients with one copy of exon 7 of SMN2 gene were only of type I-SMA. Patients with two copies of exon 7 of SMN2 gene were either type I or II SMA, whereas patients with 3 copies or > 3 copies were of either type II or III SMA.
Combining the genotypes of SMN2 and NAIP genes, 8 genotypes were determined (Table 1) . No significant difference was detected between D1 and N1 genotypes. Significant difference was found in patients with type II SMA (p = 0.018) for the genotype N2. Patients carrying two SMN2 copies of exon 7 and with no deletion in exon 5 of NAIP gene (N2 genotype) were significantly related to type II SMA, whereas patients with the D2 genotype were likely to have type I SMA. Additionally, all patients with the D3 genotype had type II SMA; however, patients with the N3 genotype had type III SMA. It was found that the D4 genotype is significantly related to type III SMA rather than the N4 genotype (p = 0.01).
Discussion
Loss of both copies of exon 7 of the survival of motor neuron (SMN1) gene is the most common causative mutation of SMA. However, the phenotype and the clinical severity differ greatly. Modifier genes mapped to 5q13 chromosomal region were affirmed to play a crucial role in determination of disease severity. Being the major modifier gene of spinal muscular atrophy (SMA) disease, the higher the SMN2 copy number, the larger the amount of full-length SMN protein produced, and the milder the associated SMA phenotype [15, 19] . Also, NAIP gene is another diseasemodifying gene, correlating with disease severity and duration of survival [20] .
In this study, we determined the copy number variations (CNVs) of SMN2 and NAIP genes in 44 SMA Egyptian patients with homozygous deletion of exon 7 of SMN1 gene. Genotype-phenotype correlation revealed that CNVs of exon 7 of SMN2 significantly decreased with the increase in disease severity. The copy number variations of exon 7 of SMN2 were 1 or 2 in type I SMA, whereas in type II SMA, CNVs of exon 7 of SMN2 gene were 2, 3, or > 3. Finally, 3 copies or more than 3 copies were detected in SMA III patients. The revealed data could not discriminate clearly between the clinical types specifically in patients with 3 or more than 3 copies. Although SMN2 is considered as a positive modifier, it could not be a clear-cut phenotype predictor. This finding was also concluded by a Cypriotic study where phenotype could not be predicted by the SMN2 copy number in Cypriot SMA patients [21] . On the other hand, increasing the number of patients might give better discrimination due to the increase of the statistical values. Calucho and Bernal [22] assumed that the prediction based on SMN2 CNVs could be better attempted on a large Spanish cohort.
Our results showed that NAIP deletion alone also was not a good predictor of SMA severity as homozygous deletion was detected in 60% (12/20) of type I SMA and in 73% (8/11) of type III SMA, which was much lower than the published ratios in other populations. In Tunisian, Iranian, Kuwaiti, Malaysian, and Cypriot patients, the frequency of deletion of both SMN1 and NAIP genes in type I SMA patients ranged from 80 to 100% of the patients [21, [23] [24] [25] [26] . However, type I SMA patients with homozygous deletion of exon 5 of NAIP gene have shown lower ratios of between 26% and 46% of German, Vietnamese, Chinese, and Serbian patients [17, [27] [28] [29] [30] . It was noted that populations with higher parental consanguinity rates showed higher frequency of NAIP gene deletion. Therefore, deletion of NAIP gene might be related more to the mechanism of SMN1 gene deletion rather than the phenotype.
Combination of CNVs of exon 7 of SMN2 and deletion of exon 5 of NAIP genes revealed that they are closely related to the occurrence and development of spinal muscular atrophy in patients. In the current study, patients with homozygous deletion of exon 5 of NAIP gene and two copies of SMN2 gene were likely to have type I SMA, whereas type II SMA patients mostly had no homozygous deletion of exon 5 of NAIP and 2 copies of exon 7 of SMN2. Finally, patients with 3 copies of exon 7 of SMN2 and no homozygous deletion of exon 5 of NAIP in addition to patients with homozygous deletion of exon 5 of NAIP and more than 3 copies of exon 7 of SMN2 had type III SMA. He and Zhang [31] reported that 50% of SMA type I patients had homozygous deletion of exon 7 of SMN1 and exon 5 of NAIP genes and with either one or two copies of exon 7 of SMN2 gene, which is compatible with our results where 60% (12/20) of type I SMA patients had homozygous deletion of exon 5 of NAIP and 1 or 2 copies of exon 7 of SMN2 gene. Theodorou and Nicolaou [21] showed that patients with 2 copies of exon 7 of SMN2 and homozygous deletion of exon 5 of NAIP were type I SMA patients. In the current study, the presence or absence of exon 5 of NAIP gene was of less value in determining the type of SMA when CNVs of exon 7 of SMN2 were 1 or 2 copies. On the other hand, presence of exon 5 of NAIP was more likely to be associated with milder types of SMA, when CNVs of exon 7 of SMN2 were 2 or more copies and vice versa.
Conclusions
We implemented PCR-RFLP, multiplex PCR, and realtime PCR to analyze the correlation between CNVs of SMN1, NAIP, and SMN2 genes and the SMA phenotype in Egyptian patients. Although we used three different molecular techniques to generate the genotype of SMA patients, the study showed the preference of the combination of modifier genes as a prognostic genetic pattern for phenotype determination rather than using SMN2 CNVs only. The genetic pattern including SMN1, SMN2, and NAIP genes can help more in the prognosis of the more severe SMA type rather than the less severe types. Moreover, determination of CNVs of exon 7 of SMN2 is of great importance in placement of the effectiveness of the new therapy (nusinersen), as it depends on having at least one copy of exon 7 of SMN2 gene. 
